We propose a minimal predictive scenario for dark matter and radiative neutrino mass where the relic abundance of dark matter is generated from a hybrid setup comprising of both thermal freeze-out as well as non-thermal freeze-in mechanisms. Considering three copies of fermion triplets and one scalar doublet, odd under an unbroken Z 2 symmetry, to be responsible for radiative origin of neutrino mass, we consider the lightest fermion triplet as a dark matter candidate which remains under-abundant in the sub-TeV regime from usual thermal freeze-out. Late decay of the Z 2 -odd scalar doublet into dark matter serves as the non-thermal (freeze-in) contribution which not only fills the thermal dark matter deficit, but also constrains the mother particle's parameter space so that the correct relic abundance of dark matter is generated. Apart from showing interesting differences from the purely freeze-out and purely freeze-in dark matter scenarios, the model remains testable through disappearing charge track signatures at colliders, observable direct and indirect detection rates for dark matter and prediction of almost vanishing lightest neutrino mass. * Electronic address: anirban.biswas.sinp@gmail.com †
I. INTRODUCTION
There have been a convincing number of evidences from astrophysics and cosmology related experiments in the last several decades which suggest the presence of some nonbaryonic and non-luminous form of matter, called dark matter (DM) in large amount distributed across the Universe. From the galaxy cluster observations by Fritz Zwicky [1] back in 1933, observations of galaxy rotation curves in 1970's [2] , the more recent observation of the bullet cluster [3] and the latest cosmology data provided by the Planck satellite [4] , it is now certain that around 27% of the present Universe is composed of such dark matter which is approximately five times more than the ordinary baryonic matter. The present abundance of DM is often quoted in terms of the density parameter Ω as [4] Ω DM h 2 = ρ DM ρ c h 2 = 0.1186 ± 0.0020
where h = H 0 /100 is a parameter of order unity and ρ c = This has led to several beyond standard model (BSM) proposals in the last few decades, the most popular of which being the so called weakly interacting massive particle (WIMP) paradigm. In this framework, a dark matter candidate typically with electroweak scale mass and interaction rate similar to electroweak interactions can give rise to the correct dark matter relic abundance, a remarkable coincidence often referred to as the WIMP Miracle.
One interesting aspect of WIMP dark matter paradigm is their masses and interactions falling around the ballpark of the electroweak scale, which lead to their thermal production in the early Universe. The relic of such a particle arise when its interactions fall below the rate of expansion of the Universe, known as the freeze-out mechanism. These interactions between DM and SM particles leading to its thermal production in the early Universe can also lead to observable DM nucleon scattering cross sections. However, no such observations have so far been made which could have been a direct detection of particle DM. The most recent direct detection experiments like LUX, PandaX-II and XENON1T have also reported their null results [6] [7] [8] [9] [10] . The absence of such direct detection signals have progressively lowered the exclusion curve in DM-nucleon cross section versus DM mass plane. With such high precision measurements, the WIMP-nucleon cross section will soon overlap with the neutrino-nucleon cross section, known as the neutrino floor, making it difficult to distinguish a probable DM signal from the neutrino ones. Although such null results at direct detection frontier could indicate a very constrained region of WIMP parameter space, they have also motivated the particle physics community to seek for a paradigm shift. One such scenario that has drawn attention in the last few years is the non-thermal dark matter scenarios [11] .
In this case, the DM particles have so feeble interactions with the remaining thermal bath that it never attains thermal equilibrium at any epoch in the early Universe. However, it can be produced from decay of some heavy particles or scattering processes, popularly known as the freeze-in mechanism [11] [12] [13] [14] , leading to a new paradigm called freeze-in (or feebly interacting) massive particle (FIMP). For a recent review of this DM paradigm, please see [15] .
Instead of completely giving up on the WIMP framework due to the null results at direct search experiments, here we consider a hybrid scenario where both thermal (freeze-out) and non-thermal (freeze-in) contributions to DM relic abundance can be important. To be more specific, DM can have sizeable interactions to be thermally produced in the early Universe but also needs a non-thermal source to satisfy the correct relic abundance in the present epoch. Recently, such a work was performed for the inert Higgs doublet dark matter model [16] where the SM is extended by an additional scalar doublet odd under an in-built Z 2 symmetry so that the lightest Z 2 -odd component is a stable dark matter candidate. In that work the thermally under-abundant DM parameter space was revisited and it was shown that a non-thermal contribution from an additional Z 2 -odd singlet neutral fermion can fill this deficit while the other two cousins of this singlet neutral fermion along with the inert scalar doublet can play a role in generating one loop radiative neutrino masses in scotogenic fashion [17] . It is worth mentioning at this point that the observation of non-zero neutrino masses and large leptonic mixing [18] has also been another motivation for BSM physics for last few decades. While the addition of singlet right handed neutrinos to the SM content can
give rise to the usual seesaw mechanism [19] [20] [21] for neutrino mass at tree level, the scotogenic framework can explain the origin of neutrino mass and dark matter in a unified manner.
In the earlier work [16] where both thermal and non-thermal contributions to scalar dark matter abundance were studied, the initial abundance of the heavy singlet fermion was not explained, but was fixed suitably in order to generate the required non-thermal contribution.
In the present work, we consider a more general study of this hybrid scenario within the framework of another minimal model for dark matter and neutrino masses but with more observable consequences. Here the singlet neutral fermions of the minimal scotogenic model [17] are replaced by fermion triplets having zero hypercharge, but odd under the Z 2 symmetry. As known from the discussions of fermion triplet dark matter (FTDM) model proposed by Ma [22] , the fermion triplet dark matter is usually under-abundant below 2.2 TeV mass due to its large annihilation cross section. Inclusion of non-perturbative effects on dark matter annihilations [23] which are more dominant for heavier dark matter masses, pushes this bound on fermion triplet DM mass to around 2.7 TeV [24] . In this work, we particularly focus on the fermion triplet dark matter mass around 1 TeV and check if a non-thermal contribution can fill the deficit coming from thermal freeze-out. In a scotogenic model with fermion triplet, the only non-thermal contribution for such 1 TeV DM can come from the Z 2 odd scalar doublet. Unlike the earlier work [16] where the mother particle was a fermion singlet with tiny Yukawa coupling with the dark mater candidate, here the mother particle has gauge interactions and hence can have thermal abundance due to the usual freeze-out scenario. We solve the coupled Boltzmann equations corresponding to the comoving number densities of the inert scalar doublet as well as fermion triplets to determine the final relic abundance of fermion triplet DM. The inert scalar doublet, being heavier, freezes out first followed by the freeze-out of the fermion triplet. Then a non-thermal contribution from the inert scalar doublet fills the deficit in fermion triplet relic abundance from thermal freeze-out. The requirement for correct fermion triplet DM abundance not only constrains its coupling with the inert scalar doublet, but also the freezeout abundance and hence the parameter space of the latter. The other two cousins of the fermion triplet dark matter can have sizeable coupling with inert scalar doublet and SM leptons to generate tiny neutrino masses at one loop. Since the lightest fermion triplet almost decouples from neutrino mass generation due to tiny Yukawa couplings (required for non-thermal production or freeze-in), the lightest neutrino remains massless in our scenario.
We also check the testability of the model and find that such TeV scale fermion triplet DM can have observable consequences and direct, indirect dark matter detection experiments as well as collider experiments like the large hadron collider (LHC).
This paper is organised as follows. In section II we briefly discuss the fermion triplet dark matter followed by its scotogenic extension and details of the model we adopt for our present work in section III. In section IV, we briefly discuss the generation of neutrino mass at one loop and then move on to discussing the details of dark matter relic calculation in section V. We then discuss different constraints or observational aspects of our dark matter scenario at LHC, direct detection and indirect detection experiments in section VI, VII, VIII respectively. We finally conclude in section IX.
II. FERMION TRIPLET DARK MATTER (FTDM)
In this section, we discuss a stable fermion triplet of zero hypercharge as a dark matter candidate, stabilised by an in-built Z 2 symmetry. It is straightforward to realise the need of additional Z 2 symmetry as otherwise the triplet can decay into the SM Higgs and lepton due to renormalizable couplings among them. A SU(2) L multiplet of higher dimensions can however be naturally stable without any need of additional symmetries, along the minimal dark matter spirit [25] . Fermion triplet dark matter was also studied by several other groups, the most recent of which can be found in [24] within the framework of another class of models. To be more technical, in a minimal setup of FTDM, the fermionic sector of
T with zero hypercharge. The triplet Σ R which is in the adjoint representation of SU(2) L , can also be expressed in the fundamental representation as
where σ i 's (i = 1 to 3) are the Pauli spin matrices, the generators of the fundamental
where Σ R c = C Σ R T is the CP conjugate of Σ R and C being the charge conjugation operator.
Note that, by construction Σ is a Majorana fermion (Σ c = Σ) however, all the components of Σ are not Majorana. We have shown in the Appendix A that only neutral component of Σ is a Majorana fermion while the charged one is as usual a Dirac fermion. The Lagrangian of the triplet Σ is given by
where, D µ is the covariant derivative of Σ R and its expression is given in Eq. (A3) of Appendix A. Now, inserting Eq. (2) into Eq. (4), and using the relation
where, we have defined ψ (4), (5)) it is evident that the bare masses for all members of the fermionic triplet Σ R are identical to M Σ . However, one can make the charged components ψ ± heavier by considering one loop electroweak radiative corrections [22, 25] , which result in a mass splitting ∆ ∼ 167 MeV between M ψ ± and M ψ 0 for M Σ 1 TeV. In this framework, the relic density of the lightest Z 2 -odd particle ψ 0 is determined by its pair annihilation into W + W − final state via t-channel exchange of ψ ± . Besides, the co-annihilations among ψ 0 and ψ ± into SM particles also play a crucial role in relic density calculation as the mass splitting between the members of the fermionic triplet is extremely small (∼ O(100 MeV)). The co-annihilations include several process
including all these annihilation and co-annihilation channels, the relic density of ψ 0 satisfies the Planck limit [4] for M ψ 0 ∼ 2.2 TeV [22] (see green dashed line in Fig. 4 in Section V).
Therefore, the dark matter mass allowed by the observational data from Planck satellite may not be produced efficiently in LHC at the present centre of mass energy and luminosity.
This has also led to some recent discussions on fermion triplet dark matter with a singlet admixture, in order to lower the bound on fermion triplet from relic abundance point of view and to enhance its production at colliders, see for example, [26] . We consider another minimal modifications of the present model which is also motivated from neutrino mass point of view, so that one can still have a much lighter triplet fermionic dark matter which at the same time satisfies all the existing direct and indirect bounds and can have tantalising detection prospects at the LHC. We will present a detailed discussion on this topic in the section.
III. SCOTOGENIC EXTENSION OF FTDM
In order to have nonzero neutrino masses and a light triplet fermionic dark matter, we have extended the minimal model, described in the previous section, by two more triplets and one inert doublet. Therefore, besides the usual SM fields, the present model contains
All these extra BSM fields are odd under the discrete symmetry Z 2 . As a result, the Yukawa interaction terms involving fermionic triplet, SM Higgs doublet and lepton doublet are forbidden. Hence, one cannot generate tiny neutrino masses following usual Type-III seesaw mechanism [27] [28] [29] , where the above mentioned Yukawa terms play a pivotal role. Instead, in the present model, we can write the Yukawa terms using the inert Higgs doublet Φ. However, the extra doublet Φ, being an inert one (does not interact with SM fermions), does not have any vacuum expectation value (VEV) (in order to maintain Z 2 symmetry unbroken).
Hence, there are no neutrino masses at tree level (Type-III seesaw is not possible) and instead, the light neutrino masses can be generated radiatively at one loop level following the scotogenic model [17] . This scotogenic version of Type-III seesaw model is also known as radiative Type-III seesaw model, studied in different contexts by several authors [22, 30, 31] .
Further, the Majorana type bare mass terms Tr Σ αR c M αβ Σ Σ β R are although invariant under Z 2 symmetry, the origin of such terms is not obvious in the present scenario. Therefore, to understand a possible origin of bare mass term of fermionic triplet we introduce a scalar field S , which is a singlet under SM gauge group. Moreover, we also impose an additional Z 3 charges to Σ β R (β = 1 to 3) and S such that the bare mass term of Σ β R is forbidden by 
is the SM Higgs doublet in the unitary gauge. Following the procedure given in the Appendix A, we can write the triplet Lagrangian in terms of ψ
As mentioned earlier, when the real part of S gets VEV v s , the mass terms for both ψ 
On the other hand, after symmetry breaking there will be a mixing between the real scalar fields of H and S . The mixing matrix with respect to the basis (h 1 , h 2 ) is given by
Clearly, h 1 and h 2 do not represent physical fields. However, after diagonalising the above mass matrix, one can have two physical scalar fields h and S, which are two orthogonal linear combinations of h 1 , h 2 and the corresponding mixing angle is given by
We consider h is the SM-Like Higgs boson which was discovered at the LHC [32, 33] . The mass of the pseudo scalar ζ is given by
where we need α < 0 for M 2 ζ > 0. The trilinear terms of S and S † allowed by Z 3 symmetry play a crucial role in generating the mass term for the imaginary part of S after spontaneous symmetry breaking of Z 3 . As a result, we can choose the mass of the pseudo scalar (ζ) different than S and also heavier compared to the mass of our dark matter candidate ψ 0 1 , so that it will not affect the relic density of ψ gets some non-thermal contribution to the relic abundance mainly from the decay of φ 0 .
This eventually compensates the under abundance of ψ 0 1 in low mass regime M ψ 1 2 TeV. We also consider the mass of φ 0 to be smaller than the heavier cousins of Σ 1R so that φ 0 decays preferentially to the dark matter candidate only. This is also important from the point of view of neutrino mass (as we discuss in the next section) because the couplings of Σ 2R,3R with Φ and SM leptons have to be sizeable in order to generate the correct one loop neutrino mass at sub-eV. Therefore, if Σ 2R,3R are lighter than Φ, then φ 0 will also decay into these triplets reducing the branching ratio into the dark matter candidate Σ 1R , falling short of providing the required non-thermal contribution. We will discuss in great detail about the thermal as well as non-thermal contributions to the relic density of our dark matter candidate in Section V.
IV. NEUTRINO MASS GENERATION AT ONE LOOP
In the present model since we have imposed both Z 2 as well as Z 3 charges to all three fermion triplets Σ β R , neutrino masses can not be generated via tree level Type-III seesaw mechanism. However, in this model we have an inert doublet Φ which is also odd under Z 2 symmetry. Hence we can write a Yukawa interaction term involving fermion triplet Σ β R inert doublet Φ and SM lepton doublet l αL . Such term will be automatically Z 2 invariant.
However, Z 3 invariance requires same Z 3 charge to SM leptons as well since Φ does not have any Z 3 charge. Because, any nonzero Z 3 charge of Φ, other than unity, will forbid the mass splitting between A 0 and φ 0 , which is λ 5 v 2 (see Eqs. (10 and 11)). Later in this section, we will see that the light neutrino masses are proportional to the mass splitting between A 0 and φ 0 , hence we cannot impose any non-trivial Z 3 charge to Φ. Therefore, in this work as mentioned in the previous section, we choose Z 3 charge of Σ β R and l αL is ω 2 . The Yukawa interaction terms invariant under both continuous and discrete symmetries of the model are given as
where we have used the definition of ψ with φ 0 as an intermediate loop particle. However, the same diagram with φ 0 replaced by pseudo scalar A 0 is also possible. These two diagrams will differ by a -ve sign which actually helps us to cancel the divergences of both diagrams. The expression of neutrino mass is then given by [17] 
Now, if we consider the mass splitting between M 0 A and M φ 0 is small compared to (M 0 A + M φ 0 )/2, which is indeed true for our work (see Section V), the expression for αβ element of neutrino mass matrix simplifies to
where , as we discuss in details below. As can be seen from the one loop neutrino mass formula given above, such tiny couplings will practically have a negligible contribution to light neutrino masses. This makes the lightest fermion triplet to effectively decouple from the neutrino mass generation mechanism giving rise one almost massless and two massive light neutrinos which can be tested at experiments which are sensitive to the absolute mass scale of neutrinos.
To compute the relic abundance of a dark matter candidate, one has to find the value of comoving number density of dark matter species at the present epoch, which can be found by solving the corresponding Boltzmann equation for the dark matter candidate we are considering i.e. ψ 
where, the first equation describes the evolution of comoving number density of ψ (18), σv Triplet is the thermally averaged cross section for the annihilation and coannihilation channels which are contributing significantly to the freeze-out process of ψ 0 1 . The Feynman diagrams of these processes are shown in Fig. 2 . It is worth mentioning that we are not taking any non-perturbative effects on DM annihilations into account here which is justified by the fact that such effects are small for DM masses in the sub TeV regime [23] .
Here, we have considered the mass difference between ψ 0 1 and other heavier triplet fermions (ψ 0 β , ψ ± β , β = 2, 3) to be large so that the co-annihilations of these heavier triplet fermions do not affect the freeze-out process of ψ 0 1 . 
± is the dominant decay mode of charged fermion ψ ± 1 with nearly 97% branching ratio [25] . The expression of decay width for ψ
given by
where ∆M = M ψ respectively, can be expressed as a weighted sum of individual annihilation and coannihilation cross sections [34] . We have calculated σv IDM using micrOMEGAs package [36] .
In the present scenario, although φ 0 has a Z 2 charge, it is not the lightest Z 2 -odd particle in the model. Hence, it can decay to other lighter Z 2 -odd particles such as ψ 
where T 0 2.73 K, the present temperature of the Universe.
Comoving number density corresponding to Ω DM h 2 = 0.12
Comoving number density (Y) . This plot has been drawn for . Generally for the non-thermal dark matter (FIMP), the relic abundance increases as we increase the coupling between mother particle and dark matter. As a result, more dark matter particles are produced from the decay of mother particle which is assumed to be in thermal equilibrium and the equilibrium abundance of mother particle does not depend on its decay width to FIMP dark matter. However, in the present case the mother particle φ 0 becomes out of thermal equilibrium at the time of non-thermal production of ψ In Fig. 6 , we show our allowed parameter space in y Σ − ∆M plane which reproduces the correct dark matter relic density. The colour code is indicating the corresponding mass of our dark matter ψ 0 1 which we have varied between 500 GeV to 1500 GeV. The plot in left panel is for a fixed value of other Yukawa coupling y s which we have kept fixed at 1.5 while for the plot in the right panel, we have varied the Yukawa coupling y s between 0.1 to 2.
From the plot in the left panel, one can see that to produce the dark matter relic density in the right ballpark, we need 10 −10 ≤ y Σ ≤ 4 × 10 −9 depending upon the mass splitting ∆M between the inert scalars, which is also tightly constrained to be less than 5.5 GeV.
However, from the right panel it is also noticeable that these ranges of Yukawa coupling y Σ and mass splitting ∆M are slightly larger when we have also varied the singlet Yukawa coupling 0.1 ≤ y s ≤ 2. This is because the thermal contribution to relic density becomes and hence we require different non-thermal contributions to achieve correct dark matter relic density and consequently more parameter space in y Σ − ∆M plane become allowed. Later when we will discuss the constrains coming from the indirect detection we will see that for the considered mass range of M ψ 0 1 we need y s 1 (see Fig. 10 ). Moreover, from both these plots it is clearly evident the for heavier dark matter mass we need larger values of y Σ and ∆M to achieve Ω ψ 0 1 h 2 in the correct ballpark.
VI. LHC CONSTRAINTS ON
In this section, we briefly discuss the testability of our model at the LHC experiment.
There have been several dedicated searches for possible dark matter signatures at colliders, a recent summary of which can be found in [46, 47] . Instead of usual missing transverse energy associated with dark matter production at colliders, in our model there exists a different (rather unique to a limited class of scenarios) signature that is within the reach of LHC. This is basically the collider production different components of the fermion triplet Σ 1R through gauge interactions and subsequent decay of the heavier components into the lighter one. Since dark matter candidate ψ . Such tiny decay width keeps the lifetime of ψ ± 1 considerably long enough that it can reach the detector before decaying. In fact, the ATLAS experiment at the LHC has already searched for such long-lived charged particles with lifetime ranging from 10 ps to 10 ns, with maximum sensitivity around 1 ns [48] . In the decay ψ
the final state pion typically has very low momentum and it is not reconstructed in the detector. On the other hand the dark matter particle in the final state ψ 0 1 is perfectly stable and leaves the detector without interacting. Therefore, it gives rise to a signature where a charged particle leaves a track in the inner parts of the detector and then disappears leaving no tracks in the portions of the detector at higher radii. The ATLAS constraints on such disappearing charged track signatures for a long lived chargino decaying into a pion and wino dark matter is shown as the solid green line in Fig. 7 . Since our dark matter multiplet is similar to the multiplet containing chargino, wino we compare our model predictions against this constraint from ATLAS. The lifetime predictions for ψ ± 1 as a function of DM mass is shown as the solid red line in Fig. 7 . It can be seen that the existing LHC constraint can already rule out DM masses below 500 GeV from its searches for disappearing charged tracks, keeping the DM parameter space considered in this study within near future sensitivity. 
VII. DIRECT DETECTION
The most convincing way to probe a particle dark matter candidate is the direct detection experiments. There have been serious efforts in this direction for last few decades where ground based detectors made up of different heavy nuclei have been used to probe processes where a DM particle passing through the detector can interact with a nuclei giving rise to some recoil. Such experiments have significantly improved their sensitivities over the years, with their present exclusion limits on spin independent DM-nucleon scattering cross section lying very close to the coherent neutrino-nucleon scattering rate [6] [7] [8] [9] [10] . Interestingly, our present model has good prospects for direct detection frontiers which is usually not there for purely freeze-in type dark matter candidates. Being part of an electroweak multiplet, the dark matter can interact with SM through gauge interactions and also through scalar interactions present due to the singlet scalar field S . Due to the absence of neutral current interactions of our dark matter candidate at tree level, the gauge boson mediated DMnucleon scattering can arise only at radiative level. However, due to the existence of singlet 1 -quark one loop interaction have already been discussed in [49] . So the effective Lagrangian for the loop diagrams can be written as
where
. In Eq. (24), the first term is the effective coupling for the Higgs penguin diagram and the second term is the same for the box diagram. We have shown the corresponding spin-independent direct detection cross-section as a function of DM mass in the left panel of Fig. 9 , which is about two orders of magnitude bellow the current XENON1T bound [8] . In spite of electroweak gauge interactions being involved in the scattering, this is in a way expected due to loop suppressions involved.
The other possible diagram coming from the introduction of the singlet scalar can, on the other hand, give rise to larger DD cross-section if the singlet scalar S has sizeable mixing with the SM like Higgs. The relevant cross section can be written as
where y s , f p , ξ and m n are the new Yukawa coupling, form factor, S -Higgs mixing parameter (defined in Eq. (13)), and nucleon mass respectively. We have also fixed the singlet mass it is clear that the σ SI lies above the XENON1T bound for ξ = 0.1, whereas for ξ = 0.075 it is partially allowed and for ξ = 0.05 it is just bellow the present bound for the chosen mass range of DM. arising from the global analysis of the Fermi-LAT and MAGIC observations of dSphs [50] .
Since the heavier components of the fermion triplet are not there in the present Universe, we need to consider the DM self annihilations into the charged particles of the SM. The only possible process of this type is the DM annihilation into a pair of W bosons which is indeed constrained tightly from gamma ray observations [50] . Such bounds on σv DMDM→W + W − are derived assuming 100% annihilation of DM into these final states. Since we have another DM annihilation in this model namely, the one with a pair of singlet scalars S in the final states which do not contribute to gamma rays due to neutral final states, we take into account the relative factor between these two annihilation rates while applying the indirect detection bound on σv DMDM→W + W − . Due to sizeable DM annihilation rates into neutral singlet scalars in our model, the gamma ray constraints on DM annihilations into W boson pairs get weaker in our model, saving the parameter space under study. It should be noted that in the pure fermion triplet dark matter model, gamma ray bound will completely rule out low mass region of DM mass we are studying [23] as the annihilation rate for σv DMDM→W + W − is 100% in that model. Therefore, weakening the indirect detection bound arise as another motivation for the singlet scalar S apart from generating DM mass dynamically and giving rise to tree level direct detection rates as discussed before. In The points bellow the black line are ruled out from these bounds which shows that we need large y s to satisfy the present bound. As the x-axis goes all the way upto DM mass of 1.5
TeV where non-perturbative effects (Sommerfeld enhancement) on DM annihilations can be sizeable, we use the results of [23] to derive the exclusion line shown in Fig. 10 . As we go into higher mass values, the Sommerfeld enhancement becomes more and more efficient which can be seen by the sharp rise in the black solid line towards the right end of the plot, requiring stronger Yukawa coupling y s to keep the DM self annihilations to neutral particles more dominant over σv DMDM→W + W − . Future data from gamma ray telescopes should be able to probe more parts of this region of dark matter masses as well as Yukawa coupling y s , keeping the indirect detection prospects of the model very promising.
IX. SUMMARY AND CONCLUSION
We have studied a minimal model for dark matter and radiative neutrino mass where dark matter relic abundance is generated from a hybrid setup consisting of both freeze-out and freeze-in scenarios. Considering a radiative type III seesaw scenario with the lightest fermion triplet being the dark matter candidate stabilised by an in built Z 2 symmetry, we first show how the neutral component of this fermion triplet having mass around 1
TeV remains under-abundant from thermal freeze-out mechanism. We then consider a nonthermal (freeze-in) contribution from the late decay of Z 2 -odd scalar doublet to fill the deficit created during thermal freeze-out. We solve the coupled Boltzmann equations involving the mother particles and the dark matter candidate and find the parameter space that can lead to the correct relic abundance of dark matter. Due to the coupled nature of these equations, we can simultaneously constrain both dark matter as well as mother particle parameter space. The mother particle, being heavy, freezes out first followed by the freeze-out of dark matter and then the late decay of the mother particle into the dark matter particles. Such a hybrid setup has some interesting differences from the usual freeze-in dark matter scenarios.
One notable difference we found was the dependence of non-thermal contribution on the corresponding Yukawa coupling between mother particle and dark matter. In the usual FIMP scenario, the non-thermal contribution always increases with such Yukawa, while in the present case it is not necessarily so. This is due to the role of the same Yukawa coupling in deciding the freeze-out abundance of the mother particle which later gets converted into non-thermal part of DM through late decay.
Apart from satisfying the correct relic abundance of dark matter within this hybrid setup having distinguishable features from pure WIMP and pure FIMP scenarios, the model also has promising detection prospects at collider, direct and indirect detection experiments. The presence of a scalar singlet which generates the dark matter mass dynamically in this model, plays a non-trivial role in keeping the model parameter space not only allowed from current experimental constraints but also very close to present as well as upcoming experimental sensitivity leaving a very promising scope for verifiability. This is in contrast to the typical freeze-in dark matter models which have very limited detection prospects due to tiny couplings. In the neutrino sector also this model remains predictive as the lightest neutrino mass is vanishingly small due to tiny Yukawa couplings of the lightest fermion triplet, required for its non-thermal production at late epochs. Such vanishing lightest neutrino mass can have interesting consequences at experiments sensitive to the absolute neutrino mass scale. The model however suffers from the fine-tuning issue related to the above mentioned Yukawa coupling of the lightest fermion triplet to the leptons. Such tiny couplings can be generated within the framework of more general scenarios some of which also provide a UV completion [45, 51, 52] .
The covariant derivative of Σ R is defined as
where, g is the SU(2) L gauge coupling and W a µ (a = 1 to 3) are three corresponding gauge bosons. Now, using the expression of Σ R given in Eq. (2), the covariant derivative of Σ R can be further expressed in terms of the components of Σ R as
Moreover, using Eq. (2) and the definition of Σ c R , the CP conjugate of Σ R can also be expressed in a 2 × 2 matrix notation as
Similarly, using Eq. (A3) and Eq. (A5), the covariant derivative of Σ 
Moreover, using the relations Σ 
In the above equation, we have used the following properties of charge conjugation operator:
Similarly, let us simplify the second term of Eq. (A2) using Eq. (A6): 
Let us define two fermionic state as
Finally, we can write the Eq. (A12) in terms of ψ 0 and ψ − as
Furthermore, we can also simplify the mass terms in Eq. (A2) as well using the expressions of Σ R and Σ R c (Eqs. (2 and A5)) and considering M Σ real, i.e. 
Therefore, using Eq. (A17), we can further simplify the mass terms of triplet Σ as
while deriving in the last line we have used the definitions of ψ 0 and ψ − fields given in Eq. (A13) and Eq. (A14). Finally, using Eq. (A15) and Eq. (A18), we can write the Lagrangian of the triplet field Σ in terms of newly defined two fields ψ 0 and ψ − as
